Abstract: In order to advance in the understanding of CI in pepper fruits, the cell ultrastructure alterations induced by CI and the physiological and metabolic changes have been studied along with the proteomic study. When stored at low temperatures bell pepper (Capsicum annuum) fruits exhibited visual CI symptoms and important alterations within the cell ultrastructure, since peroxisomes and starch grains were not detected and the structure of the chloroplast was seriously damaged in chilled tissues. Physiological and metabolic disorders were also observed in chilled fruits, such as higher ethylene production, increased MDA content, changes in sugar and organic acids and enzymatic activities. The comparative proteomic analysis between control and chilled fruits reveals that the main alterations induced by CI in bell pepper fruits are linked to redox homeostasis and carbohydrate metabolism. Thus, protein abundance in the ascorbate-glutathione cycle is altered and catalase is down-regulated. Key proteins from glycolysis, Calvin cycle and Krebs cycle are also inhibited in chilled fruits. Enolase and GAPDH are revealed as proteins that may play a key role in the development of chilling injury. This study also provides the first evidence at the protein level that cytosolic MDH is involved in abiotic stress.
INTRODUCTION

Lipid Peroxidation Measurement. 148
Malonyl-dialdehyde (MDA) production was used as the analytical parameter to 149 determine the index of lipid peroxidation, using the thiobarbituric acid reactive 150 substrates (TBARS) assay to measure it. Extraction and determination of MDA content 151 was performed according to Martinez-Solano et al. [22] (RIL-164 10Avp, Kyoto, Japan) for detection of sugars, and a Shimadzu UV-Vis 165
Spectrophotometric Detector (UV-10Avo,Kyoto, Japan) for detection of organic acids. 166
The wavelengths for UV detection of organic acids were 210 nm for oxalic acid and 230 167 nm for citric, malic, and succinic acids. The sugars and organic acids quantifications 168 were performed by means of calibration curves for each compound prepared with 169 solutions made of standards of each organic acid and sugar (Sanchez-Bel et al., 2008) . 170 8 Enzymes extractions and analyses (Guaiacol peroxidase, POX; EC 1.11.1.7, and 173
Catalase, CAT; EC 1.11.1.6) were carried out according to Martínez-Solano et al. [22] . 174
Enzyme activities were expressed as specific activities (units per mg protein). Protein 175 concentration was measured using the Bio-Rad DC protein kit. 176
Statistical analysis of physiological and biochemical data. 177
Tests for significant differences were carried out using the General Linear Model of the 178 SPSS (version 11.0) statistical package. Analysis of variance (ANOVA) was performed 179 to compare mean values for each variable using the treatments as a statistical parameter, 180 considering a confidence level of 95%. Parameters were analyzed, for the same day of 181 storage, by unpaired Student"s t-test at a stringency of p<0. 05 . 182
Protein extraction and preparation. 183
Samples at harvest day and those stored during 24 days (21 days at 1 ºC or 10 ºC plus 3 184 days at 20 ºC) were used for the proteomics analysis. Soluble proteins were extracted by 185 adding 1.5 mL of extraction buffer [50 mM sodium phosphate buffer at pH 7.8 186 containing 1 mM EDTA, 0.2% Triton X-100, 2% poly(vinylpyrrolidone) (PVP), 1 mM 187 DTT and protease inhibitor (Complete, Roche) to 100 mg lyophilized pericarp powder, 188 followed by 1 min of Vortex agitation. The homogenate was chilled at 4 °C and then a 189 centrifugation step at 18000 × g and 4 ºC for 15 min was fulfilled. The supernatant 190 phase was collected and desalted through a Sephadex G-25 (NAP-10, Gealthcare) 191 column. The sample was collected in 50 mM sodium phosphate buffer pH 7.8 and total 192 protein was quantified using the Bio-Rad DC protein assay kit, based on the method 193 described by Lowry et al. [24] , using bovine serum albumin as standard to prepare the 194 calibration curve for quantification. The samples were labeled using the CyDye DIGE Fluor minimal dye (GE Healthcare,) 206 following the manufacturer"s recommendation for minimal labeling. Four hundred pmol 207 2.6% C (piperazine diacrylamide) polyacrylamide gels cast in low fluorescent glass 222 plates. Electrophoresis was carried out at 20 ºC, 15 W/gel using Ettan-Dalt six unit. 223
Image acquisition and DIGE analysis. 224
Proteins were visualized using a Typhoon 9400™ scanner (GE Healthcare) with CyDye 225 filters. For the Cy3, Cy5 and Cy2 image acquisition, the 532 nm/580 nm, 633 nm/670 226 nm and 488 nm/520 nm excitation/emission wavelengths, respectively, and 100 mm as 227 pixel size were used. Image analysis was carried out with DeCyder™ differential 228 analysis software v 6.5 (GE Healthcare). The DIA module was used to assign spot 229 boundaries and to calculate parameters such as normalized spot volumes. Inter-gel 230 variability was corrected by matching and normalization of the internal standard spot 231 maps in the biological variance analysis (BVA) module. The internal standard image gel 232 with the greatest number of spots was used as a master gel. Three comparisons were 233 carried out: chilled samples versus harvest day; control samples versus harvest day; and 234 chilled versus control samples. Average ratio and unpaired Student"s t-test were 235 calculated between groups. In order to reduce the false positive, False Discovery Rate 236 (FDR) was applied. Protein spots with 1.5-fold as threshold in the average ratio with p-237 values less than 0.05 were considered as differentially expressed with statistical 238 significance between extracts under comparison. Unsupervised multivariate analysis 239 was performed using the extended data analysis (EDA) module. PCA analysis was 240 performed following the nonlinear iterative partial least squares method. 241
Protein identification. 242
Total protein profile was detected by staining the DIGE gels with CBB. Proteins 243 selected for analysis were in-gel digested [25] . Samples were reduced with 10 mM DTT 244 in 25 mM ammonium bicarbonate for 30 min at 56 ºC and subsequently alkylated with 245 55 mM iodoacetamide in 25 mM ammonium bicarbonate for 20 min in the dark. 246
Finally, samples were digested overnight at 37 ºC with 12.5 ng mL -1 sequencing grade 247 trypsin (Roche Molecular Biochemicals) in 25 mM ammonium bicarbonate (pH 8.5). 248
After digestion, the supernatant was collected and 1 mL was spotted onto a MALDI 249 target plate and allowed to air-dry at room temperature. Then, 0.4 mL of a 3 mg/mL of 250 CHCA matrix (Sigma) in 50% v/v ACN was added to the dried peptide digest spots and 251 again allowed to air-dry at room temperature. MALDI-TOF MS analyses were 252 performed in a MALDI-TOF/ TOF mass spectrometer 4700 Proteomics Analyzer (Per-253 Septives Biosystems, Framingham, MA). The instrument was operated in reflector 254 mode, with an accelerating voltage of 20000 V. All mass spectra were calibrated 255 externally using a standard peptide mixture (Sigma). Peptides from the auto digestion of 256 the trypsin were used for the internal calibration. MALDI-TOF MS analysis produces 257 peptide mass fingerprints and the peptides observed can be collected and represented as 258 a list of monoisotopic molecular weights with an S/N greater than 20. The suitable 259 precursors for MS/MS sequencing analyses were selected and fragmentation was carried 260 out using the CID on (atmospheric gas was used) 1 KV ion reflector mode and 261 precursor mass Windows 610 Da. The plate model and default calibration were 262 optimized for the MS/MS spectra processing. The search for peptides was performed in 263 batch mode using GPS Explorer v3.5 software with a licensed version 1.9 of MASCOT, 264 using viridiplantae database. 265
Biological processes and functions involving differentially abundant proteins. 266
The differential abundance of proteins in the three experimental conditions was 267 statistically analysed by ANOVA (p<0.01) followed by the Tukey Multiple Comparison 268 Test (p<0.05). Proteins description and functional assignments were performed using 269 annotations associated with each protein entry and through homology-based 270 comparisons with the TAIR10 protein database (http://www.arabidopsis.org/), usingBasic Local Alignment Search Tool BLASTX [26] with an e-value cut-off of 1. Parallel to the development of CI visual symptoms, chilled fruits showed a significant 308 (p<0.05) rise of ethylene production that did not come up with control fruits (Table 1) . 309
One typical feature of CI is the induction of oxidative stress, which it is possible to 310 determine through the rise of lipid peroxidation. In this study, lipid peroxidation of 311 fruits was measured as MDA production and was significantly higher (p<0.05) in 312 chilled samples compared with control fruits (Table 1) . Sucrose and fructose contents 313 increased significantly (p<0.05) in chilled fruits compared with control ones, while 314 glucose content was not affected. With regard to organic acids contents, the levels of 315 oxalic and citric acids were significantly (p<0.05) reduced in chilled fruits compared to 316 control ones whilst that of succinic acid seems not to be affected by cold storage. One 317 remarkable feature of this analysis was the malic acid, which was not detected in control 318 and harvest day fruits but did come up in chilled fruits (Table 1) Finally, the rest of functional classes correspond mainly to proteins related to stress, 387 amino acid metabolism, cell wall metabolism, nitrogen metabolism, protein 388 degradation, RNA processing, secondary metabolism, and transport. 389
Six different patterns were created from the whole set of protein data on the basis of 390 similar abundance profiles ( Figure 3B ). Three of these clusters correspond to up-391 regulated proteins and the other three to down-regulated proteins in response to cold 392 storage when comparing Ch/C. The first pattern (A) is formed by proteins that showed a 393 pronounced increase during the cold storage (Ch/H) compared with a minor increase 394 accumulation during the storage at 10 ºC (C/H). This behaviour is exemplified by aNAD-dependent formate dehydrogenase, and two PR proteins. The second pattern (B) 396 is formed by proteins exhibiting an increased accumulation during storage at chilling 397 temperature (Ch/H) but they were down-regulated when the samples were stored at 10 398 ºC (C/H). This cluster is mainly represented by glycolisis-and redox-related proteins. 399
The third pattern (C) is generated by proteins down-regulated both in control and chilled 400 samples when compared with harvest day samples, but the inhibition rate is lower 401 during cold storage than during storage at 10 pathway [28, 29, 30] . 438
During CI loss of redox homeostasis because of a disproportionate increase in ROS 439 production, causing oxidative stress is a distinctive effect of low temperatures in plant 440 organs [4] . Changes in MDA production, which reflect the rise of lipid peroxidation of 441 cell membranes caused by ROS accumulation [29] , were also observed in chilled fruits 442 (Table 1) . It is interesting to point out that the MDA increase in chilled fruits is 443 associated to plastid degradation and the disappearance of peroxisomes in chilled fruits (Figure 1, L, O) , the decrease in the activities of antioxidant enzymes (CAT and POX) 445 (supplementary table S1 ), and the data obtained from the proteomic study (Table 2) in 446 which "redox metabolism" is one of the two major functional classes affected by cold 447
stress. 448
The decrease in the number of peroxisomes, and even their disappearance at chilling 449 temperature storage, may be due to the oxidative degradation of their lipid membrane, 450 since they are extremely fragile organelles surrounded by a single membrane [31] . Thus, 451
ROS accumulation can oxidize their lipid membranes causing the structural 452 disintegration of the organelles as occurred in pepper fruits subjected to other abiotic 453 stresses like ionization treatments [22] . Since CAT is located inside of the peroxisomes, 454 the disintegration of these organelles could explain the decrease in CAT activity and the 455 down-regulation of CAT protein abundance. The accumulation of lipid hydroperoxides 456 found in chilled fruits along with other ROS could be the cause of the up-regulation of 457 TPX found in chilled fruits [32] . Thioredoxin peroxidase plays an important role in 458 plants under abiotic stress conditions through its involvement in regulating redox 459 homeostasis; it has been suggested that this enzyme achieves this role by catalysing the 460 decomposition of the H 2 O 2 that escapes detoxification by other antioxidant enzymes 461 such as catalases and other peroxidases [33] . 462
The lower capacity of the chilled fruits to re-establish the cellular homeostasis is mainly 463 associated with both down-regulation of CAT and important alterations of the 464 abundance of proteins involved in the ascorbate-glutathione cycle. In a previous 465 proteomic study on tomato, prior to CI symptoms appearance, we observed that redox 466 metabolism was not affected [18] , whereas in this study, in which pepper fruits clearly 467 manifested CI symptoms, it is affected. This suggests that redox metabolism alterarions 468 are a consequence of the damage of CI rather than a defence mechanism against stress. 469
This assumption is also supported a by other proteomic studies on tomatoes were clear 470 CI symptoms were spotted. The proteome of tomato fruits in these studies presented 471 significant changes in the abundance of proteins involved in oxidative homeostasis [16, 472 17] . 473
To counteract the increased accumulation of ROS, plant responses include the induction 474 of diverse ROS-scavenging systems(enzymatic and non-enzymatic). Detoxification of 475 hydrogen peroxide is performed mainly through APX enzyme belonging to the 476 ascorbate/glutathione cycle (Figure 4) , while MDHAR enzyme catalyzes the 477 regeneration of ASC in the chloroplast at the expense of NADH or NADPH [34] . The 478 diminution of ASC observed in the chilled fruits together with the down-regulation of 479 APX and of DHAR would indicate that the capacity of regeneration of ASC was 480 exceeded because of CI and, as a consequence, the ASC pool was depleted (Figure 4) . 481
On the other hand, up-regulation of MDHAR in chilled samples may be a consequence 482 of the low content of ASC. Eltelib et al. [35] suggested that the ASC pool is possibly 483 involved in regulating the mRNA expression and activity of MDHAR, and as a result its 484 activity and expression increase in tissues with low ASC content. 485
In plants, low temperatures stress is known to have significant effects on carbon 486 metabolism and on carbohydrates contents [4, 8] . Many studies have shown that there is 487 a causal link between the cold-induced modulation of sucrose metabolism and cold 488 tolerance [36] . One of the main consequences of chilling injury in affected tissues is the 489 loss of permeability control of the cell membranes which leads to an ion and water 490 leakage and the subsequent osmotic stress [8] . This process is responsible for 491 dehydration, and it has been proposed that sugars have a role as compatible solutes to 492 protect cells against osmotic stress [37] . Thus, exposure of plants to cold stress 493 frequently leads to the mobilization of carbohydrates and this process may involve the 494 hydrolysis of starch and other polysaccharides or simply the conversion of sucrose to 495 reducing sugars [8] . In this study, starch grains disappear and sucrose and fructose 496 contents increased in chilled fruits. Moreover, most of the proteins involved in 497 carbohydrate metabolism were down regulated by CI. One of the proteins found to be 498 down-regulated was PGM, which plays a pivotal role in the synthesis and breakdown of 499 glucose controlling the flux through the major metabolic pathways. Although little is 500 known about the role of this protein in the plant response to stress, this is not the first 501 time PGM has been reported as being down-regulated by abiotic stress [38] . The 502 enzyme is thought to be responsible for maintaining the Glc-6-P and Glc-1-P balance. 503
The first compound continues its metabolic pathway through glycolysis, while the 504 second is diverted to the metabolism of starch biosynthesis. This result supports the 505 hypothesis that cells are trying to accumulate reducing sugars in two ways; by 506 mobilization of carbohydrates, which would explain the disappearance of the starch 507 grains on chilled samples ( Figure 1 ) and is consistent with the inhibition of PGM (Table  508 2), and by the down-regulation of the catabolic pathways of sugars as it seems to 509 indicate the sucrose and fructose contents of the chilled fruits compared to control fruits 510 (Table 1) . 511
Enolase is the only up-regulated protein found in the glycolytic metabolism. In addition 512 to its activity in the glycolytic pathway, it has been proposed that enolase is a positive 513 regulator of cold response, since a gene that codes for this enzyme (X58107) has been 514 identified in a transcriptomics study of Arabidopsis subjected to low temperature 515 treatment as a cold-induced gene [39] . A comparison of the protein profiles regarding 516 carbohydrate metabolism among this study on pepper fruit (supplementary table S2) and  517 analogous studies on other species showed that although carbohydrate metabolism 518 seems to be one of the most affected by this stressful condition, only two proteins 519 overlap between pepper and other species (peach and tomato) irrespectively of the 520 ripening stage of the fruits and the degree of development of CI: enolase [13, 16] and 521 GAPDH [15, 18] . GAPDH has been localized in the nucleus of Arabidopsis plant cells 522 when cold stress occurred [40] . Moreover, its capacity to bind DNA has been observed 523 [41] , specifically in the coding sequence of the plastid NADP-dependent malate 524 dehydrogenase (MDH) gene (At5g58340) [42] . This molecular function has been 525 proposed as part of the signalling pathway which goal is increasing the malate-valve 526 capacity [41] . In this study, cytoplasmic malate dehydrogenase is inhibited in chilled 527 samples ( Table 2 ). While plastid MDH has been extensively studied in abiotic stress, 528 this is the first evidence at the protein level of a cytosolic MDH involved in this type of 529 stress. Yao et al. [43] characterised the role of the apple cytoplasmic MDH gene 530 (MdcyMDH) in tolerance to cold stress and observed that the transcripts levels were 531 strongly down-regulated when chilling temperatures were applied, as occurred in this 532 study at the protein level. Those authors found that MdcyMDH overexpression enhances 533 cold and salt tolerance. The role of cyMDH in cold tolerance can be exerted by means 534 of either altering metabolic energy (ATP) generation [43] or importing malate produced 535 by cyMDH catalytic activity into mitochondria via malate-OAA shuttle in order to 536 maintain the flux of TCA cycle and the subsequent respiratory flux [44, 45] . In this 537 sense, another protein found to be inhibited in pepper chilled samples was Aspartate 538 aminotransferase (AspAT) ( Table 2 ). This protein catalyzes the transfer of the amino 539 group from aspartate to α-ketoglutarate, yielding oxalacetate and glutamate and the 540 inverse reaction [46] . In plants, AspATs have been reported to play an important role in 541 a number of physiological processes including the participation in the malate/aspartate 542 shuttle [47] . Asp is the precursor for several essential amino acids involved in osmotic 543 regulation and they represent the link between the nitrogen and carbon metabolic 544 pathways [48] . Indeed, the oxalacetate required to synthesize Asp is produced from 545 malate in the TCA cycle through the activity of malate dehydrogenase, whereas α-546 ketoglutarate can be synthetized by isocitrate dehydrogenase, and by AspAT during Asp 547 production [49] . In this sense, the fact that we found down-regulated the protein AspAT 548 in chilled fruits is in agreement with the observation that almost all proteins associated 549 with the organic acids and sugar catabolic processes, were down-regulated in chilled 550 fruits. Furthermore, every protein related to organic acids metabolism found in this 551 study (cMDH, NAP-ICDH, CS) codes to enzymes that catalyse critical steps where 552 reducing molecules are generated. Studies on pepper plants [50] showed that under cold 553 stress conditions an increase in NADPH production is needed to undergo cold 554 acclimation and a rise in all NAD-dehydrogenases activities occurs. 555
Modifications in the abundance of Calvin cycle-related proteins were not observed in 556 the proteomic studies carried out with the chilled fruits of tomato and peach [13, 15, 16, This down-regulation of RuBisCO and other enzymes of Calvin cycle seem to be a 563 consequence of the plastids degradation observed due to chilling injury (Figure 1 L O) . 564
There is a particular case of two spots (Ids 143 and 548 with MW of 67064 and 49456, 565 respectively) identified as transketolases that presented an opposite abundance pattern. 566
Chilled fruits show up-regulation in spot number 143 while spot 548 is down-regulated 567 when compared with control ones (Figure 2A right-side zoom) . The lower molecular 568 weight of spot 548 is linked to the fact that the protein sequence coverage is arranged 569 from the middle up to the end. This could indicate that the referred transketolase has 570 been subjected to degradation. This phenomenon of protein degradation has been 571 previously reported in proteomic studies [51, 52] . Results obtained from tobacco plants 572 with reduced levels of plastidic transketolase suggested that non-allosteric enzymes as 573 transketolase could exert control over carbon fixation, since reductions in transketolase 574 activity had dramatic effects on carbon partitioning between the sucrose and starch 575 biosynthetic pathways [53] . This finding, together with the down-regulation found in 576 PGM, supports the hypothesis that cells are readjusting their metabolism in response to 577 cold stress in order to maintain the level of sugars. 578 Table S1 . Antioxidant enzyme activities (CAT and POX) of bell pepper fruits at harvest 580 day and at the end of both storage treatments (21 days at 1 or 10 ºC with a posterior 581 reconditioning step at 20 ºC in both cases). 582 Table S2 . A comparison of differentially expressed proteins detected in proteomics 583 studies performed in tomato, peach and bell pepper affected by CI 584 Figure S1 . Representative 2D-DIGE images from the Cy5 vs. Cy3 samples gels. 585 d Mascot score (S=−10*Log(P)); where P is the probability that the observed match is a random event. In all cases, the probability score was <0.05. 
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